The rib enhancement of heat transfer in a duct is studied numerically and experimentally, where hot air passes through a duct (0.04 x 0.16 x 1.15 m 3 ) with different rib arrangement. The arranments are lower 12-rib arrangement; upper 12 rib arrangement and 24 rib staggered arrangement. The staggered arrangement gives better performance than the others. Also, the angle of attack was studied for lower arrangement, three different values were tested (45°, 60° and 90°). Angle of 60° gives better performance. Numerically, the three-dimension continuity, Navier-Stokes and energy equations are solved by finite volume method of flow of air through (0.04 x 0.16 x 0.6 m 3 ). Validation of the code was performed by comparing the numerical result with the results obtained experimentally for staggered arrangement only. The agreement seems acceptable. The numerical studies were extended to study the case of cold air passing through hot ribbed duct. 
Introduction
Rib turbulator has numerous applications in practical engineering systems where it is used in internal cooling passages of modern gas turbine blades that must be protected from hot gas streams. Thus, the accurate prediction of the characteristics of the flow field in these regions is of great importance. Ribs on channel walls can increase heat transfer coefficients in the cooling passages. These ribs which are called turbulators, increase the level of mixing of the cooler air with the warmer air close to channel wall, thereby enhancing the cooling capability of the passage through compressing the coolant flow rate.
The rib turbulator was studied extensively in recent years experimentally and numerically. Experimentally, different techniques were used to evaluate the aerodynamic of fluid flow and heat transfer. Han (1988) studied the effect of the channel aspect ratio on the distribution of the local heat transfer coefficient in rectangular channels with two opposite ribbed walls (to simulate turbine airfoil cooling passages). Taslim, et al. (1996) used a liquid crystal technique to measure heat trsnsfer coefficients in twelve test sections with square and trapezoidal cross sectional areas representing blade mid-chord cooling cavities in a modern gas turbine. Gao and Sunden (2001) used liquid crystal thermography in the heat transfer experiment to demonstrate detailed temperature distribution between a pair of ribs on ribbed surfaces. Lee and Moneim (2001) examined heat transfer and flow behavior on a horizontal surface with a two-dimensional transverse rib using a CFD model. Kim and Kim (2001) performed numerical optimization coupled with Reynolds-averaged NavierStokes analysis of flow and heat transfer for the design of rib-roughened surface. Raisee and Bolhasani (2003) investigated the fluid flow and heat transfer through ducts roughened by arrays of either attached or detached ribs. the numerical approach used in this work is the finite-volume method. Hadhrami and Han (2003) studied the effect of various 45 o angledrib turbulator arrangements. Chang, et al. (2004) presented an experimental study of heat transfer in a rectangular channel with two opposite walls roughened by 45 o staggered ribs swinging about two orthogonal axes under single and compound modes of pitching and rolling oscillations. Tanda (2004) , used repeated ribs on heat exchange surfaces to promote turbulence and enhance convective In this work, a duct roughened with ribs was investigated numerically and experimentally. In both cases, the effect of rib turbulator on fluid flow and heat transfer was studied and analyzed.
Mathematical Model
The governing equations are: (Patanker, 1980) Continuity, The standard k-ε model (Launder and Spalding) has two equations, one for k and one for ε. It uses the following transport equations for k and ε.
(6) (7) ( 8) where ε, is the dissipation term. The parametric values in this study are given in Table 1 .
The general partial differential equation has the form: (9) where the three terms on the lefthand side are convection terms and the four terms on the righthand side are diffusion and source terms. The source term appearing in the above governing equation is given in Table 2 .
Experimental Investigation
In this study, flow in rectangular channel with rib turbulator was investigated experimentally for different air bulk velocities of 4.2, 5.8, 8.2 and 10 m/s. Figure 1 shows the rib locations along the duct for five arrangements. Figure 2 shows a schematics of the experimental apparatus. The test duct has a cross section of 160x40 mm 2 with a corresponding hydraulic diameter, D h = 64 mm, and a length of 18 D h . The side walls of the entire test duct were made of plexiglas plates to provide optical access for measurements. Temperature distribution at various locations in longitudinal and lateral directions was measured using insulated copper-constantan thermocouple wire type T (0.27 mm). The rib turbulators were placed on opposite walls with angles of 45°, 60°, 90°. Twelve rectangular ribs were tested in this investigation where rib height to duct hydraulic diameter ratio (e/H) is 0.106 and rib width to hydraulic diameter is 0.078. The rib turbulators were rectangular cross section rods (H r = 6.8 mm and W r = 5 mm). The inlet flow to the duct was heated to specified temperatures and the local temperatures were measured in lateral and longitudinal directions using fifty thermocouples: twenty-five thermocouples for measuring the temperature of the flow and twenty-five for measuring the surface temperature of the channel.
Results and Discussions

Experimental Results
Forty tests were carried out. Four values of inlet velocities are studied (4.2, 5.8, 8.2 and 10 m/s) with two different inlet temperatures of 40 and 50ºC.
In the experimental work, the hot air with controlled temperature enters the duct with ribs. The temperature of the air decreases all the way to the end of the duct because of the heat transfer from hot air to the duct wall which will be enhanced due to turbulence effect of ribs. This enhancement in heat transfer, usually, is accompanied with additional pressure drop.
To study the effect of different angles of attack, three angles were tested 45 o , 60 o and 90 o . In 90 o , higher pressure drops are expected. The differences in pressure drop are explained as follows, in 90 o the flow of air will be stopped completely in front of rib while in 60 o , the rib allows the air in front of the rib to turn and take side passage, parallel to the rib. In 45 o , easier passage for air is allowed parallel to the rib. The high pressure drops at 90 o are not necessarily accompanied by higher heat transfer. In 60 o and 45 o angles, the heat transfer will be higher due to longer ribs. The rib lengths are 16 cm for lower 90 o , 18.5 cm for lower 60 o and 22.7 cm for lower 45 o . The longer ribs with angle of attack will have two advantages over the short 90 o rib. First it causes lower pressure drop, which is the main parameter in fluid flow design. the second advantage is that, the larger rib means higher turbulence effect of consequently higher heat transfer enhancement. The only disadvantage is that longer rib means more material and higher cost. The effect of different angles of attack on heat transfer performance was evaluated through the temperature difference. The high temperature difference means high advantage gain from rib arrangement. Angle 60 o seems to be the best value. Han (1988) also mentions the same for optimum value of angle of attack for rib arrangement. Four different inlet air velocities were tested: 4.2, 5.8, 8.2 and 10 m/s. This is achieved through changing the power supply to the fan.
Due to limitation of heating equipment, only two different inlet air temperatures of 40 o and 50 o were used. This was done by changing the power supply to the heater working elements. Clearly, the higher inlet air temperatures lead to higher air and wall temperatures along the duct.
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Validation of the Code
The first run of the computer program was for the condition similar to the experimental arrangement where hot air going through the duct and the wall temperature was calculated in addition to air temperature by conduction. One case was tested to compare the results with experimental part. The test case is staggered ribs with 90º, inlet air velocity 4.2 m/s, inlet air temperature 40 ºC. Only half length of the duct was simulated by computer program, with 12 ribs in staggered arrangement for half duct only (L = 0.6 m) with same cross section area as in experimental part (0.4 m x 0.16 m). Figure 3a shows the velocity vector field, Figure 3b shows the isotherm contours. For isotherm contours, the high temperature is shown at inlet and it decreases with very low rate toward the walls and rib. For comparison with experimental results, the air and wall temperatures are compared and good agreement was achieved between the two.
Numerical Results
The numerical part will be devoted to different physical conditions. Usually in most papers, cold air passes through isothermal higher temperature duct walls which we chose to follow.
In this part, air with different velocities (2.5, 5, 7.5 and 10 m/s) are passed through a duct similar to experimental part where the cross section is 0.16 x 0.04 m 2 with a length of 0.6 m (half the experimental duct). The air inlet temperature was fixed at 20ºC and the wall plus rib temperatures were fixed at 40ºC. Number of ribs are 6 for lower and upper arrangements, and 12 for staggered arrangement. Three arrangements were tested, staggered, lower and upper. Five heights of ribs were tested, 3, 4, 5, 6 and 7 mm. Figure 4 presents the distribution of three -dimensional flow field in staggered case for Re = 25000 and Hr = 7 mm. It can be seen from the figure that the introduction of ribs locally reduces the cross section resulting in a main flow acceleration around these obstacles. The sudden expansion downstream of the ribs leads to a separation zone behind them, after reattachment the entrained flow builds up a new boundary layer. The latter is accelerated by the mainstream through shear forces and impinges on the next rib. The flow deflection around the ribs is responsible for high -velocity vectors, finally indicating the existence of third small vortex on the top of the ribs.
In contour figures, the three-dimensional plot of isotherm contours are plotted for only three levels in zdirection, one near the right wall and second at mid of the duct and the third near the left wall. The air enters with temperature of 20 o C and the temperatures of the walls of the duct and ribs are isothermal at 40 o C. Temperature of the air increases through the duct from 20 o C at inlet to 40 o C at the walls. The increase in air temperature depends on many factors. The main one is the existence of ribs will work in two different ways; first as surface area with temperature of 40 o C. This point was eliminated in experimental part where the ribs are made of Plexiglass; but in numerical calculation, the ribs will work as surface area. Second the turbulence effect of ribs will increase the heat transfer. The other parameter that increases the air temperature was the rib height. As the height increases, increased area and work and more turbulence is expected. The third parameter is the inlet air velocity. As the inlet velocity increases, less time is available for heat transfer. Then the decrease in inlet air velocity will increase the temperature of air through the duct. Finally, the kind of arrangement of ribs will affect the process of heat transfer. Figure 5 shows the contours for lower arrangement at constant velocity 2.5 m/s with different rib heights 3, 4, 6 and 7 mm. The effect of rib height is clear as the lead to higher air temperatures.
The air bulk temperatuee increase as ribs, ribs with higher air velocity decreases. Figure 6 shows the variation of air bulk temperature at constant air velocity of 5 m/s and different rib heights of 3, 4, 5, 6 and 7 mm: the higher temperatures at higher heights.
The average Nusselt number for each of four walls at each x position, can be calculated by, right wall, The values of constants are given in Table 3 :
Conclusions and Recommendations
The following are concluded: Table 3 The values of constants in Eq. (11) 
